Introduction
Autophagy is an intracellular degradation process that allows cells to digest cytoplasmic constituents by delivering them into the lysosome via the autophagosome. The autophagosome sequesters substrates to be degraded within a double membrane structure. The molecules involved in autophagosome formation are well conserved throughout eukaryotes, from yeast to mammals (He and Klionsky, 2009; Nakatogawa et al., 2009 ). Suppression of TOR (target of rapamycin) kinase activity has been linked to autophagy induced by nutrient starvation (Noda and Ohsumi, 1998) . Although several physiological processes, including immunity and pathology, have been shown to be directly linked to autophagy , much of the basic mechanism remains unclear (Yoshimori and Noda, 2008) .
A longstanding question in the field of autophagy is what is the origin of the autophagosome membrane (Reggiori, 2006) ? Despite a variety of hypotheses regarding this question, only recently was an innovative finding reported: autophagosome formation is preceded by the formation of the omegasome, which is a specialized subdomain of the ER, and autophagosome formation takes place inside the omegasome (Axe et al., 2008) . Omegasome formation was visualized using GFP-tagged DFCP1, a double FYVE (Fab-1, YGL023, Vps27, and EEA1)-containing protein, also called Taff1. Although the function of DFCP1 in autophagy is unclear, GFP-DFCP1 has been shown to localize to the omegasome. In nutrient-rich conditions, DFCP1 localizes to the ER membrane ubiquitously and to the Golgi apparatus, but autophagy is not induced (Cheung et al., 2001; Axe et al., 2008) . However, upon the induction of autophagy, GFP-DFCP1 has a ringlike signal representing the omegasome. This localization depends on the FYVE domain, which mediates phosphatidylinositol 3-phosphate (PI3P) binding capacity. Electron microscopic A utophagy is a catabolic process that allows cells to digest their cytoplasmic constituents via auto phagosome formation and lysosomal degrada tion. Recently, an autophagyspecific phosphatidylinositol 3kinase (PI3kinase) complex, consisting of hVps34, hVps15, Beclin1, and Atg14L, has been identified in mammalian cells. Atg14L is specific to this autophagy complex and localizes to the endoplasmic reticulum (ER). Knockdown of Atg14L leads to the disappearance of the DFCP1positive omegasome, which is a membranous structure closely associated with both the autophagosome and the ER. A point mutation in Atg14L resulting in defec tive ER localization was also defective in the induction of autophagy. The addition of the ERtargeting motif of DFCP1 to this mutant fully complemented the autophagic defect in Atg14L knockout embryonic stem cells. Thus, Atg14L recruits a subset of class III PI3kinase to the ER, where otherwise phosphatidylinositol 3phosphate (PI3P) is essentially absent. The Atg14Ldependent appearance of PI3P in the ER makes this organelle the platform for auto phagosome formation.
to function in the later phase (Fujita et al., 2008a; Noda et al., 2009) . To determine whether Atg14L is involved in the initial phase of autophagosome formation or at a later phase, we observed the GFP-DFCP1 distribution pattern before and after autophagy-inducing nutrient starvation conditions. In the control cells, GFP-DFCP1 formed puncta upon nutrient starvation treatment (Fig. 1 b) . Short hairpin RNA (shRNA)-mediated Atg14L knockdown clearly impaired GFP-DFCP1-positive omegasome formation, characterized by puncta formation and nutrient starvation treatment (Fig. 1, a-c) . These data indicated that Atg14L is critical for the initiation of autophagic membrane biogenesis. This conclusion is further supported by the localization of Atg14L. We previously reported that GFP-Atg14L shows both a punctate pattern and an ER localization pattern (Matsunaga et al., 2009) . In this study, we show that endogenous Atg14L is enriched in the purified ER fraction by subcellular fractionation from nonstarved cells, corroborating the idea that part of Atg14L usually localizes to the ER (Fig. 1 d) . Besides the ER pattern, GFP-Atg14L-positive puncta partially colocalized with Atg16L, a marker for the isolation membrane/phagophore, and with LC3, a marker for both the completed autophagosome and isolation membrane/phagophore in starved cells (Kabeya et al., 2000; Mizushima et al., 2003; Matsunaga et al., 2009) . As reported, some Atg16L-and LC3-positive puncta are negative for Atg14L (Fig. 1 e; Matsunaga et al., 2009) . Atg14L puncta and GFP-DFCP1 puncta overlapped substantially (Fig. 1 e) . ULK1, a mammalian homologue of Atg1 protein kinase, functions in the initial step of autophagosome formation, and the kinase-dead mutant ULK1 (ULK1 K46N ) functions in a dominant-negative manner (Hara et al., 2008) . GFP-Atg14L puncta but not the ER distribution disappeared in conditions to inhibit autophagy by overexpression of dominant-negative ULK1, both under nutrientrich and starvation conditions (Fig. 1 f) . We also observed that colocalization of Atg14L and DFCP-1 was induced by lithium or etoposide treatment, which induced autophagy independent of starvation (Fig. S1 a; Sarkar et al., 2005; Nishida et al., 2009 ). These results clearly indicated the role of Atg14L in the early phase involving omegasome formation, although they do not necessarily exclude roles in later phases. It is very likely that upon input of autophagy induction signals, part of Atg14L that constitutively localizes to the entire ER moves to specific points in the ER to form omegasomes.
Although direct interaction between Atg14L and Beclin-1 has been suggested from yeast two-hybrid analysis, the possible interaction between Atg14L-Beclin-1 and hVps34-hVps15 has remained unclear (Matsunaga et al., 2009) . To elucidate this, we transfected HEK293T cells simultaneously with four plasmids harboring Beclin-1, Atg14L, hVps34, and hVps15. The lysates were pulled down using the Strep-Tactin tag connected to Atg14L, and resulting precipitates were subjected to SDS-PAGE and Coomassie brilliant blue staining. As a result, there were no bands other than Beclin-1, Atg14L, hVps34, and hVps15 equimolar to these four subunits (Fig. 2 a) . This strongly suggests that a subunit binds directly to another subunit. We then analyzed the structural and functional relationship of Atg14L. Initially, we analyzed the Atg14L domain architecture in terms of binding to Beclin-1 and hVps34-hVps15. Coimmunoprecipitation tomography analysis revealed that there is a direct connection between the forming autophagosome (isolation membrane/ phagophore) and the omegasome (Hayashi-Nishino et al., 2009; Ylä-Anttila et al., 2009) . Therefore, the ER is the best candidate for the source of the autophagosome membrane. However, localization of PI3P is thought to be restricted to endocytic organelles such as the early endosome and is absent in the ER (Gillooly et al., 2000) . Thus, some unknown mechanism must underlie the connection between the ER and PI3P.
PI3P is one of the key mediators of autophagosome membrane regulation (Simonsen and Tooze, 2009 ). In the case of yeast, phosphatidylinositol 3-kinase (PI3-kinase) activity and the PI3P-binding protein Atg18 have been shown to be necessary for autophagy (Obara et al., 2008a, b) . A previous study in yeast established the existence of an autophagy-specific PI3-kinase complex consisting of Vps34, Vps15, Atg6, and Atg14 (Kihara et al., 2001b) . However, whether a similar model is applicable to mammalian cells has been unclear, although hVps34 forms a complex with Beclin-1, the mammalian homologue of yeast Atg6/Vps30 (Liang et al., 1999; Kihara et al., 2001a) . Recently, four research groups, including our own, independently identified an autophagy-specific PI3-kinase complex in mammalian cells. It consists of hVps34, hVps15, Beclin-1, and Atg14L/Atg14/ Barkor (Itakura et al., 2008; Sun et al., 2008; Matsunaga et al., 2009; Zhong et al., 2009 ). Together, hVps34 and hVps15 form heteromeric core complexes that are involved in diverse cellular processes as class III PI3-kinase and its regulatory protein kinase (Lindmo and Stenmark, 2006; Yan et al., 2009 ). Additionally, Beclin-1 functions in other processes, including endocytosis and autophagosome and lysosome fusion steps, together with the other subcomplexes composed of UVRAG (UV radiation resistance-associated gene) and Rubicon (Liang et al., 2008; Matsunaga et al., 2009; Zhong et al., 2009) . Therefore, Atg14L is the sole specific subunit in the autophagy-specific PI3-kinase complex in mammalian cells. In yeast, the absence of Atg14 leads to dislocation of Vps34 from the PAS (preautophagosomal structure), a mysterious structure potentially specialized for autophagosome formation (Obara et al., 2006) . To date, the detailed function of Atg14L in mammalian autophagy has not yet been characterized.
In this study, we reveal the role of Atg14L in autophagosome formation. It mediates the localization of the autophagyspecific PI3-kinase complex to the ER, and its recruitment is a critical determinant of the identity of the autophagic membrane structure.
Results and discussion
Atg14L is the sole specific subunit of the autophagy-specific PI3-kinase complex in mammalian cells, but how it is involved in the autophagic process is almost unknown (Itakura et al., 2008; Sun et al., 2008; Matsunaga et al., 2009; Zhong et al., 2009) . The process of autophagosome formation consists of three main phases, initiation of biogenesis of the membrane, elongation of the isolation membrane, and final closure of the autophagosomal mouth to form the sealed autophagosome. Some of the autophagy-executing molecules (Atgs) have been suggested experiments were performed using a series of Atg14L deletion constructs as bait. Among the three coiled-coil domains at the N terminus of Atg14L, the central domain, termed II, is indispensable for binding to Beclin-1 and hVps34-hVps15 (Fig. 2 , b and c; N_I and N_I_II). Even without the coiled-coil domain III, Atg14L binds to Beclin-1, but with lower efficiency (Fig. 2 , b and c; N_I_II and N_I_II_III), suggesting that the coiled-coil domain III is involved in binding to Beclin-1. In contrast, the noncharacterized portion (181-400 aa) at the C terminus is indispensable for binding to hVps34-hVps15 but dispensable for binding to Beclin-1 (Fig. 2, b and c; N_I_II_III and 400-492). This undefined region (181-400 aa) plays a role in the interaction with hVps34-hVps15, together with coiled-coil domain II (and potentially with domain III). Therefore, whether hVps34-hVps15 binds to Atg14L directly or indirectly through Beclin-1 is still an open question.
Constructs consisting of only coiled-coil domains of Atg14L failed to localize to the ER (Fig. S1 b) . However, Atg14L lacking the whole coiled-coil domain restored the ER localization pattern (Fig. S1 c) . We found that neither the N-terminal portion alone nor the C-terminal portion alone was sufficient for ER localization (unpublished data). Thus, the N-terminal domain together with the C-terminal portion is important for ER localization.
Although overall homology is quite low between yeast and mammalian Atg14, the N-terminal region is most conserved among species over the whole Atg14L sequence (Matsunaga et al., 2009 ). Moreover, the N-terminal region contains characteristic cysteine repeats that are completely conserved from yeast to mammals (Fig. 2 d) . To explore the function of these cysteine repeats, either two of four or all four cysteine residues were replaced with alanine residues. As expected, these mutations did not affect binding to Beclin-1 and hVps34-hVps15 (Fig. 2, b and c; Atg14L2C2A and Atg14L4C4A). However, GFP-Atg14L4C4A failed to show any reticular pattern but rather had a dispersed pattern (Fig. 2 e) . These results suggest that the localization of Atg14L to the ER is determined by Atg14 itself through these cysteine repeats and does not require interactions with Beclin-1, hVps34, or hVps15.
To support the suggestion that Atg14L determines the localization of the autophagy-specific PI3-kinase complex, the effect of artificially altering the localization of Atg14L was examined. The CAAX motif containing 17 aa (KDGKKKKKKSKTK-CVIM) of K-ras, which is sufficient for heterologous protein targeting to the plasma membrane (Hancock et al., 1991) , was added to Atg14L. This modification did not affect the binding to Beclin-1, hVps34, and hVps15 (Fig. 2, b and c; CAAX) . As expected, GFP-Atg14LCAAX demonstrated a plasma membrane localization pattern significantly different from the wild-type pattern (Fig. 3 a and Fig. S1 d) , although some populations still remained in intracellular structures. These intracellular structures seem not to have been bona fide Atg14L localization because addition of the CAAX motif to GFP-Atg14L4C4A gave a similar pattern (Fig. S1 d) . By expression of GFPAtg14LCAAX, Beclin-1 and hVps34 molecules were also targeted to the plasma membrane (Fig. 3, a and b) . These data indicate that Atg14L is the determining component for membrane localization of the autophagy-specific PI3-kinase complex, Beclin-1 and hVps34.
Next we investigated how the localization of Atg14L is related to its function. A549 cells were transfected with an adenovirus harboring GFP-Atg14L. Interestingly, the amount of PI3P-positive puncta found by immunostaining of the GST-FYVE domain was increased by overexpression of GFP-Atg14L, indicating that extra PI3P is generated in response to the overexpression of Atg14L (Fig. S2, a and b) . This transient overexpression resulted in the appearance of both GFP-Atg14L-positive puncta, in addition to ER localization, and a significant increase of LC3-positive puncta even under nutrient-rich conditions (Fig. 4, a and c) . The GFP-Atg14L-positive puncta were colocalized with the LC3 puncta (Fig. 4, a and b) . Conditions of starvation did not further increase the number of LC3-positive puncta (Fig. 4, b and c) . These results suggest that ectopic expression of cellular Atg14L, at least partially, bypassed the requirement for an autophagy induction signal triggered by starvation. Next, we tested the effect of overexpression of an Atg14L mutant defective in ER localization. This mutant induced neither the formation of GFP-Atg14L-positive puncta nor LC3-positive puncta (Fig. 4, a and c) . These results suggest that ER localization is associated with Atg14L function in response to autophagy induction caused by its overexpression.
However, Atg14L function under native autophagy-inducing conditions, namely nutrient starvation, is still unclear. Therefore, we extended our analysis using Atg14L knockout embryonic stem (ES) cells (Matsunaga et al., 2009) . Control GFP, wild-type GFP-Atg14L, and GFP-Atg14L4C4A were transfected into Atg14L knockout ES cells, which were then subjected to nutrient starvation (Fig. 5) . As already reported, in the control GFPexpressing cells, Atg16L puncta were not detected, and very few LC3 puncta, which were assumed to be aberrant or forming intermediates of autophagosomes, were detected (Matsunaga et al., 2009 ). The expression of wild-type GFP-Atg14L reverted this autophagy-defective phenotype; however, GFP-Atg14L4C4A scarcely reverted the defective phenotype (Fig. 5) . Although this result strongly supports the critical role of Atg14L localization to the ER, there still remains the possibility that the Atg14L cysteine repeats are required not only for Atg14L localization but also for another essential function of Atg14L. We tried to compact cytoplasmic spaces; Fig. S3, b and d) . Then we transfected Atg14L knockout cells with this construct and found that it fully complemented the defect in LC3 puncta formation, similar to that of wild-type Atg14L ( Fig. 5 ; GFP-ER-Atg14L4C4A). We also confirmed that autophagic flow is completed depending on ER localization of Atg14L using a tandem fluorescent-tagged LC3 system (Kimura et al., 2007) . Overexpression of GFP-ER-Atg14L4C4A but not GFP-Atg14L4C4A can induce formation of the puncta with an RFP signal and without a GFP signal, which represent completed autophagic flow (Fig. S3 c) . circumvent this problem by adding an extra ER-targeting motif to GFP-Atg14L4C4A. We added the ER-targeting motif of DFCP-1, which is necessary and sufficient for ER targeting of DFCP1 but insufficient for omegasome targeting (Axe et al., 2008 ). This construct was still able to associate with Beclin-1, hVps34, and hVps15 (Fig. S3 a) . We confirmed that the construct (GFP-ER-Atg14L4C4A) showed an ER localization pattern that overlapped with the ER-resident protein, calnexin, and puncta overlapped with LC3 puncta in HEK293 cells (ER localization is difficult to visualize with ES cells because of their PI3P is largely absent over the surface of the general ER membrane, even if a certain amount of PI3-kinase is recruited by Atg14L because a FYVE domain does not lead to ER localization of DFCP-1 (Axe et al., 2008). The PI3-phosphatase Jumpy and MTMR3 may contribute to keeping PI3P out of the ER (Vergne et al., 2009; Taguchi-Atarashi et al., 2010) . The GFPAtg14L puncta signal associated with the omegasome is apparently much brighter than the signal on the ER (Fig. 1 e) . The next key question is how the PI3-kinase complex is nucleated to the omegasome on the ER. The density of the PI3-kinase complex on the ER membrane may be a critical factor because overexpression of Atg14L alone induces autophagy. It is possible that once the density exceeds some threshold, through its artificial overexpression, Atg14L may become concentrated at some specific points. In contrast, the starvation signal directs, via ULK1, Atg14L to be concentrated at points without an increment in its density using unknown mechanisms. GFP-Atg14L lacking the whole coiled-coil domain, which does not bind to Beclin-1, hVps34-hVps15, also makes GFP-positive puncta (Fig. 2, b and c; and Fig. S1 c) , suggesting that Atg14L itself possesses the ability for concentration. The mechanism may be critical in autophagy initiation downstream of ULK1 signaling (Fig. 1 f) .
To our knowledge, this is the first study showing the mechanism of recruitment of the PI3-kinase to the ER and its necessity in autophagosome formation. This is not only strong Therefore, we concluded that recruitment of the autophagyspecific PI3-kinase complex to the ER is the critical function of Atg14L in autophagy.
In this study, we have elucidated the molecular mechanism by which the autophagy-specific PI3-kinase complex is recruited to the ER. This explains the enigma raised by the study of Axe et al. (2008) regarding the existence of PI3P in the ER. Atg14L needs to be targeted to the ER to fulfill its function in autophagy, and PI3-kinase is recruited accordingly. We did not see an apparent difference in the efficiency of ER recruitment of GFP-Atg14L in nutrient-rich versus nutrient starvation conditions. Furthermore, our previous subcellular fractionation analysis showed that 20-30% of endogenous Atg14L protein is recovered in the pelletable fraction, and this percentage was largely unchanged in response to starvation (Matsunaga et al., 2009; unpublished data) . Therefore, ER recruitment of the PI3-kinase complex is critical to autophagosome formation but is not an autophagosome formation trigger downstream of starvation. This is a very interesting strategy of the cells to use PI3P as a secondary signal in the ER, where it is otherwise essentially absent, because it will provide a very specific localization message. Potential downstream effectors of PI3P are WIPI-1 family proteins and/or DFCP-1, and these will lead to subsequent events required to complete autophagosome formation (Proikas-Cezanne et al., 2007). 
Isolation of ER fraction by differential sucrose gradient centrifugation
In a 140-mm plastic plate, 293A cells were trypsinized and resuspended in 2 ml MTE solution (270 mM d-mannitol, 10 mM Tris-HCl, 0.1 mM EDTA, and 1 mM PMSF, pH 7.4). The cell suspension was homogenized by repeatedly shearing 15 times through a 25-gauge needle mounted on a 1-ml syringe, as described previously (Matsunaga et al., 2009) , and centrifuged (1,400 g for 10 min at 4°C). The supernatant was centrifuged for 10 min at 15,000 g and 4°C. For ER purification, the supernatant was layered onto a sucrose density gradient (2.0-, 1.5-, and 1.3-M discontinuous sucrose gradient into ultracentrifuge tube) and ultracentrifuged for 70 min at 152,000 g and 4°C. The large band was collected at the interface of the 1.3-M sucrose gradient layer (Bozidis et al., 2007 ). An equivalent amount of each fraction was subjected to immunoblotting. The band intensity was quantified from three independent experiments using the Image Gauge (Fujifilm) image analyzer.
Atg14L complex purification HEK293T cells were cotransfected with Atg14L complex expression plasmids (pCAG-OSF.Atg14L, pCAG-NT.hVps15, pCAG-NT.hVps34, and pCAG-NT.Beclin-1). Cells were harvested 48 h after transfection by incubation in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, proteinase inhibitor cocktail, and 1% Triton X-100). Lysates were clarified by centrifugation (18,000 g for 10 min at 4°C) and incubated with Strep-Tactin Sepharose (IBA GmbH; for 2 h at 4°C). The matrix was washed four times in wash buffer (20 mM Tris, pH 7.4, 150 mM NaCl, and 0.1% Triton X-100), and purified complexes were eluted with 2× SDS-PAGE sample buffer.
Vector-based small interference RNA expression The mammalian expression vector pSUPER.retro.puro (OligoEngine) was used for expression of shRNA in HEK293 stably expressing GFP-DFCP1 cells (clone 201). pSUPER.retro.puro empty vector was used as a control vector. The gene-specific insert specified a 19-nt sequence 523-541 of human Atg14L (5-AGAAGATTCAGAGGCATAA-3). This sequence was inserted into the pSUPER.retro.puro after digestion with BglII and HindIII. Subconfluent cells in 35-mm dishes were transfected with pSUPER.retro. puro-shAtg14L and pSUPER.retro.puro-empty vector and transferred to 60-mm dishes 24 h later. After an additional 24 h, the cells were transfected again with the vector. The medium was changed to DME containing 1 µg ml 1 puromycin after an additional 24 h. After a further 72 h, the cells were transferred to 35-mm dishes with coverslips. After an additional 24 h, cells were cultured in Earle's balanced salt solution for 45 min.
GST-2×FYVE probe assay GST-2×FYVE recombinant protein expression and purification in Escherichia coli BL21 were performed according to the manufacturer's protocols (GE Healthcare). GFP-Atg14L-or GFP-Atg14L4C4A-transfected cells on coverslips were permeabilized with 0.05% saponin in PBS for 5 min, then fixed with 3% PFA for 10 min and incubated 20 µg/ml GST-2×FYVE for 60 min, and then stained with anti-GST antibody (Santa Cruz Biotechnology, Inc.) followed by Alexa Fluor 594-conjugated secondary antibody (Invitrogen) for 60 min. Samples were mounted using Slow Fade Gold (Invitrogen) and observed using a laser confocal microscope (FV1000; Olympus).
Immunoprecipitation and Western blotting
For immunoprecipitation, cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% [wt/vol] glycerol, 100 mM NaF, 10 mM EGTA, 1 mM Na 3 VO 4 , 1% Triton X-100, 5 µM ZnCl 2 , 1 mM PMSF, and complete protease inhibitor cocktail [Roche] ). Lysates were centrifuged for 10 min at 15,000 g and 4°C. The supernatants were subjected to immunoprecipitation using primary antibody and protein G-Sepharose 4FF (GE Healthcare). Immunocomplexes were washed five times with wash buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Triton X-100), subjected to SDS-PAGE, and transferred to polyvinylidenefluoride membranes. The membranes were blocked with TBST (TBS and 0.1% Tween 20) containing 1% nonfat dried milk and were then incubated overnight at room temperature with primary antibodies diluted in Can Get Signal solution I (TOYOBO). Membranes were washed three times with TBST, incubated for 1 h at room temperature with 5,000× dilutions of HRP-conjugated secondary antibodies (GE Healthcare) in TBST containing 1% nonfat dried milk, and washed five times. Immunoreactive bands were then detected using ECL plus (GE Healthcare) and a chemiluminescence detector (LAS-3000; Fujifilm; Matsunaga et al., 2009 ).
Immunofluorescence and microscopy Cells were cultured on coverslips, fixed with 3% PFA in PBS for 10 min, and permeabilized with 50 µg ml 1 digitonin in PBS for 5 min. Cells were supportive evidence for recent challenging of a model of omegasome involvement in autophagy but also an excellent example of specification of intracellular membranes mediated by phosphoinositide turnover. It is interesting that a specific phosphoinositide in the ER plays an unexpected role in autophagy, especially in a manner quite different from those discussed in a past study (Hayashi-Nishino et al., 2009 ). We hope our study provides some advances in the longstanding debate as to the origin of the autophagosomal membrane.
Materials and methods
Cell culture HEK293 stably expressing GFP-DFCP1 (clone 201; Axe et al., 2008) , HEK293, NRK, and A549 cells were cultured in DME D6546 (SigmaAldrich) containing 10% fetal bovine serum supplemented with 4 mM l-glutamine in 5% CO 2 at 37°C. The clone 201 cell line was cultured in medium containing 500 µg ml 1 geneticin (Invitrogen). Mouse ES cells were cultured in DME D6546 containing 0.1 mM nonessential amino acids (Invitrogen), 1 µM 2-mercapthoethanol (Wako Chemicals USA, Inc.), 2 mM l-glutamine (Sigma-Aldrich), 20% fetal bovine serum (Invitrogen), and 1,000 U ml
1
Leukemia inhibitory factor (EMD) on plastic plates coated with 0.1% gelatin (Wako Chemicals USA, Inc.). For amino acid and serum starvation, cells were cultured in Earle's balanced salt solution (Sigma-Aldrich) for 3-4 h. For starvation-independent autophagy induction, LiCl (Wako Chemicals USA, Inc.) was added to a final concentration of 10 mM, and etoposide (SigmaAldrich) dissolved in DMSO was added to a final concentration of 10 µM.
Plasmid construction and transfection
The pcDNA3.1/3xFlag-His(-)A-Atg14L plasmid has been previously described (Matsunaga et al., 2009 ). Truncation and deletion mutants of Atg14L (residues 1-64, 65-492, 103-492, 132-492, 181-492, 1-101, 1-127, 1-180 , and 1-400) were cloned into the EcoRI-KpnI site of the pEGFP-C2 vector using standard techniques. Site-directed mutagenesis to generate point mutants within Atg14L was performed using standard PCR techniques, and these constructs were verified by DNA sequencing. All point mutants of Atg14L were cloned into the EcoRI-KpnI site of the pEGFP-C2 vector. To generate the GFP-Atg14LCAAX construct and GFPAtg14L4C4ACAAX, the CAAX motif sequence was amplified by PCR as described previously (Fujita et al., 2008b) and cloned into the pEGFP-C2-Atg14L vector. To generate the GFP-ER-Atg14L4C4A construct, the ERtargeting sequence of DFCP1 (Axe et al., 2008) was amplified by PCR and cloned into the pEGFP-C2-Atg14L4C4A vector. The pCAG vector was described previously (Morita et al., 2007) . mCherry-ULK1 K46N was subcloned into the pEGFP vector. GFP, GFP-Atg14L, GFP-Atg14L4C4A, and GFP-ER-Atg14L4C4A were subcloned into site NheI-BglII of the pCAG vector. MEF-hVps34 was subcloned into site EcoRI-NotI of the pcDNA-MEF vector (Ichimura et al., 2005) . The pGEM-1-GST-2×FYVE was a gift from H. Stenmark (Norwegian Radium Hospital, Oslo University Hospital, Oslo, Norway; Gillooly et al., 2000) . The tandem fluorescent-tagged LC3 (tfLC3) plasmid has been previously described (Kimura et al., 2007) . Subconfluent cells were transfected with plasmids using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's protocol.
Antibodies
Polyclonal antibodies against Atg14L, Beclin-1, and hVps34 have been previously described (Matsunaga et al., 2009) . Other antibodies and reagents were as follows: rabbit anti-Flag (Sigma-Aldrich), rabbit anticalnexin (Stressgen), rabbit anti-GFP (MBL), mouse monoclonal anti-GFP (Roche), rabbit anti-Beclin-1 (MBL), rabbit anti-Atg16L (MBL), rabbit anti-LC3 (MBL), rabbit anti-GST (Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-p150 (1G12; Abnova), and mouse monoclonal anti--tubulin (Sigma-Aldrich) antibodies.
Adenoviral expression system
The pENTR-1A-EGFPC2 and pENTR-1A-EGFPC2-Atg14L vectors have been previously described (Matsunaga et al., 2009) . GFP-Atg14L4C4A, GFP-ER-Atg14L4C4A, and GFP-Atg14LCAAX cDNAs were subcloned into the DraI-EcoRV sites of the pENTR-1A vector and transferred into the pAd/ CMV vector (Invitrogen) by performing the Clonase LR recombination reaction (Invitrogen). The production of adenovirus and adenoviral infection were performed according to the manufacturer's protocol. then treated with 50 mM NH 4 Cl  PBS for 10 min at room temperature and blocked with PBS containing 3% BSA for 15 min. Primary antibodies were diluted 1:100 or 1:200, and Alexa Fluor-conjugated secondary antibodies (Invitrogen) were diluted 1:500 in PBS containing 3% BSA. Coverslips were incubated with primary antibodies for 60 min, washed six times with PBS, and incubated with secondary antibodies for 60 min. Samples were mounted using Slow Fade Gold and observed with an FV1000 laser confocal microscope (Matsunaga et al., 2009 ). The microscope images were taken using an FV1000 confocal laser-scanning microscope system equipped with 100× NA 1.40 oil immersion objective lens and an A1 (Nikon) equipped with 100× NA 1.49 oil immersion objective lens. Image acquisition software used was Fluoview (Olympus) with NIS elements (Nikon) integrated in the system. Fluorochromes associated with the secondary antibodies were Alexa Fluor 405 or 594. The images were adjusted using the software Photoshop CS4 (Adobe). We counted the number of puncta per cell in at least 10 cells. Fluorescence intensity of GFP-Atg14LCAAX or GFP-Atg14L4C4ACAAX was quantified using ImageJ 1.43 (National Institutes of Health). The plasma membrane GFP signal intensity of the cell was acquired by drawing a 3-pixelwide line around the cell using the segmented line selection tool, and the total GFP signal intensity of the cell was acquired by surrounding the cell using the polygon selection tool.
Statistical analysis
Statistical analyses were performed using a two-tailed unpaired t test. P-values <0.05 were considered statistically significant. Fig. S1 shows the localization of Atg14L treated with nonconventional autophagy inducers and Atg14L mutants. 
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